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ABSTRACT. Transgenic Bt corn hybrids that produce insecticidal proteins from the bacteriumBacillus thuringiensisBerliner have become
the standard insect management tactic across the U.S. Corn Belt. Widespread planting of Bt corn places intense selection pressure on
target insects to develop resistance, and evolution of resistance threatens to erode benefits associated with Bt corn, such as reduced
reliance on conventional insecticides. Recognizing the threat of resistance, the U.S. Environmental Protection Agency requires seed
companies to include an insect resistance management (IRM) plan when registering a Bt trait. The goal of IRM plans is to delay Bt
resistance in populations of target insects. One element of IRM is the presence of a non-Bt refuge to maintain Bt-susceptible individuals
within a population, and growers are required to implement IRM on-farm by planting a refuge. Field-evolved resistance has not been
detected for the European corn borer, Ostrinia nubilalis (Hubner), even though this species has been exposed to Bt proteins common in
U.S. corn hybrids since 1996. The IRM situation is unfolding differently for Bt corn targeting the western corn rootworm, Diabrotica
virgifera virgifera LeConte. In this article, we examine the scientific evidence for D. v. virgifera resistance to Bt rootworm traits and the
cropping system practices that have contributed to the first reports of field-evolved resistance to a Bt toxin by D. v. virgifera. We explain
why this issue has developed, and emphasize the necessity of an integrated pest management approach to address the issue.
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Transgenic Bt corn hybrids that produce insecticidal proteins from the
bacterium Bacillus thuringiensis (Bt) Berliner have become the stan-
dard insect management tactic across the U.S. Corn Belt. In 2012,
67% of 96.4 million acres (39 million hectares) of corn planted in the
United States contained at least one Bt trait (U.S. Department of
Agriculture–National Agricultural Statistics Service [USDA–NASS]
2012, U.S. Department of Agriculture Economic Research Service
[USDA–ERS] 2012a). Bt corn hybrids producing a single Bt protein
for European corn borer, Ostrinia nubilalis (Hubner), and other lep-
idopteran pests have been commercially available since 1996 (Tabash-
nik et al. 2009). Bt corn provides effective control of several key
insect pests, with additional benefits of reduced reliance on conven-
tional insecticides and, in some cases, regional suppression of pests
(Romeis et al. 2008, Hutchison et al. 2010, Sanahuja et al. 2011).
Since 2003, Bt corn for management of corn rootworm has been
widely adopted by corn growers (USDA–ERS 2012b; Table 1). This
includes single Bt trait corn hybrids targeting corn rootworm larvae,
as well as “stacked” hybrids with a single trait targeting corn root-
worms (Diabrotica spp.) and at least one additional trait targeting
aboveground stalk-boring insect pests. Among the Bt proteins active
against corn rootworms, Cry3Bb1 was marketed first in 2003, fol-
lowed by Cry34/35Ab1 in 2005 and mCry3A in 2006. A fourth corn
rootworm trait, eCry3.1Ab, was deregulated by the USDA in 2013 and
registered by the U.S. Environmental Protection Agency (EPA), en-
abling commercial launch for the 2014 planting season (Syngenta
2013). This fourth trait will initially only be available as a “pyramid”
with mCry3A. When a Bt corn plant expresses two or more Bt proteins
targeting the same insect, this is referred to as a pyramid of traits.
Cry3Bb1 has been the dominant type of Bt rootworm corn planted,
increasing from 0.49 million acres (0.20 million hectares) in 2003 to
29.6 million acres (12 million hectares) by 2008 (Monsanto 2009).
Widespread planting of Bt corn imposes selection on target insects
to develop resistance. Because Bt traits are pesticidal substances
produced by plants, the U.S. EPA regulates Bt crops through the
Federal Insecticide Fungicide and Rodenticide Act (EPA 2012). Rec-
ognizing the threat of resistance, the EPA requires registrants (seed
companies) to include an insect resistance management (IRM) plan
when applying to register a Bt trait.
The goal of an IRM plan is to delay resistance in populations of
target insects. One element of IRM is the presence of a non-Bt corn
refuge, and growers are required to implement the IRM plan on-farm
by planting a refuge. The refuge provides a corn crop habitat that
allows rootworm larvae to develop without exposure to the Bt toxin.
Mating between susceptible insects from the refuge and any resistant
insects surviving on Bt corn produces genetically heterozygous prog-
eny. To the extent that these heterozygous progeny exhibit lower
survival on Bt corn, relative to their homozygous resistant parent, the
rate of resistance evolution will be reduced.
Thus far, field-evolved resistance has not been detected for the Eu-
ropean corn borer, even though this species has been exposed to Bt
proteins common in U.S. corn hybrids since 1996. The IRM strategy used
by industry and regulatory agencies for European corn borer-protected Bt
corn is referred to as the “high dose/refuge” concept. With this approach,
Bt corn expresses a high dose of Bt toxin targeting European corn borer
and this is complemented with a refuge, usually non-Bt corn, that pro-
vides a population of susceptible insects that are not exposed to the toxin
(Siegfried and Hellmich 2012). The refuge (historically a 20% structured
refuge) and high-dose of Bt toxin have worked in tandem to prevent
resistance development in the European corn borer population (Tabashnik
1994, Gould 1998, Huang et al. 2011). Additional conditions that likely
contribute to the success of IRM plans for Bt corn and European corn
borer include (Andow 2001, Siegfried and Hellmich 2012):
• Resistance is functionally recessive as a result of the high dose.
• Initial frequency of resistance alleles was low in the population
when Bt corn was commercialized.
• Random mating occurs between refuge insects and Bt-resistant
insects.
• Fitness costs may be associated with resistance.
Ta
bl
e
1.
Re
pr
es
en
ta
ti
ve
lis
to
fB
tc
or
n
hy
br
id
s
th
at
pr
od
uc
e
in
se
ct
ic
id
al
pr
ot
ei
ns
fr
om
th
e
ba
ct
er
iu
m
B
a
ci
llu
s
th
u
ri
n
g
ie
n
si
s
Tr
ad
e
na
m
e
Bt
pr
ot
ei
n(
s)
Bt
ev
en
t(
s)
In
se
ct
s
co
nt
ro
lle
d
(b
ol
d)
or
su
pp
re
ss
ed
(it
al
ic
s)
H
er
bi
ci
de
to
le
ra
nc
e
Re
fu
ge
%
,f
ie
ld
pl
ac
em
en
ti
n
th
e
M
ID
W
ES
T
A
bo
ve
-g
ro
un
d
In
so
il
A
gr
is
ur
e
tr
ai
tf
am
ily
A
gr
is
ur
e
CB
/L
L
Cr
y1
A
b
Bt
11
EC
B
C
EW
FA
W
SB
—
LL
20
%
w
ith
in
ha
lf
m
ile
A
gr
is
ur
e
G
T/
CB
/L
L
Cr
y1
A
b
Bt
11
EC
B
C
EW
FA
W
SB
—
G
T
LL
20
%
w
ith
in
ha
lf
m
ile
A
gr
is
ur
e
RW
m
Cr
y3
A
M
IR
60
4
—
CR
W
—
20
%
in
fie
ld
/a
dj
ac
en
t
A
gr
is
ur
e
G
T/
RW
m
Cr
y3
A
M
IR
60
4
—
CR
W
G
T
20
%
in
fie
ld
/a
dj
ac
en
t
A
gr
is
ur
e
CB
/L
L/
RW
Cr
y1
A
b
m
Cr
y3
A
Bt
11
M
IR
60
4
EC
B
C
EW
FA
W
SB
CR
W
LL
20
%
in
fie
ld
/a
dj
ac
en
t
A
gr
is
ur
e
30
00
G
T
Cr
y1
A
b
m
Cr
y3
A
Bt
11
M
IR
60
4
EC
B
C
EW
FA
W
SB
CR
W
G
T
LL
20
%
in
fie
ld
/a
dj
ac
en
t
A
gr
is
ur
e
A
rt
es
ia
n
30
11
A
Cr
y1
A
b
m
Cr
y3
A
Bt
11
M
IR
60
4
EC
B
C
EW
FA
W
SB
CR
W
G
T
LL
20
%
in
fie
ld
/a
dj
ac
en
t
A
gr
is
ur
e
Vi
pt
er
a
31
10
Cr
y1
A
b
Vi
p3
A
Bt
11
M
IR
16
2
BC
W
CE
W
EC
B
FA
W
W
BC
SB
—
G
T
LL
20
%
w
ith
in
ha
lf
m
ile
A
gr
is
ur
e
Vi
pt
er
a
31
11
Cr
y1
A
b
m
Cr
y3
A
Vi
p3
A
Bt
11
M
IR
60
4
M
IR
16
2
BC
W
CE
W
EC
B
FA
W
W
BC
SB
CR
W
G
T
LL
20
%
in
fie
ld
/a
dj
ac
en
t
A
gr
is
ur
e
31
22
E-
Z
Re
fu
ge
Cr
y1
A
b
Cr
y1
F
m
Cr
y3
A
Cr
y3
4/
35
A
b1
Bt
11
TC
15
07
M
IR
60
4
D
A
S-
59
12
2-
7
BC
W
EC
B
FA
W
W
BC
C
EW
SB
CR
W
G
T
5%
in
th
e
ba
g
Tr
ad
e
na
m
e
Bt
pr
ot
ei
n(
s)
Bt
ev
en
t(
s)
In
se
ct
s
co
nt
ro
lle
d
(b
ol
d)
or
su
pp
re
ss
ed
(it
al
ic
s)
H
er
bi
ci
de
to
le
ra
nc
e
Re
fu
ge
%
,l
oc
at
io
n
in
th
e
M
ID
W
ES
T
A
bo
ve
-g
ro
un
d
In
so
il
A
gr
is
ur
e
Vi
pt
er
a
32
20
E-
Z
Re
fu
ge
Cr
y1
A
b
Cr
y1
F
Vi
p3
A
Bt
11
TC
15
07
M
IR
16
2
BC
W
CE
W
EC
B
FA
W
W
BC
SB
—
G
T
5%
in
th
e
ba
g
A
gr
is
ur
e
D
ur
ac
ad
e
51
22
E-
Z
Re
fu
ge
Cr
y1
A
b
Cr
y1
F
m
Cr
y3
A
eC
ry
3.
1A
b
Bt
11
TC
15
07
M
IR
60
4
53
07
BC
W
EC
B
FA
W
W
BC
C
EW
SB
CR
W
G
T
5%
in
th
e
ba
g
A
gr
is
ur
e
D
ur
ac
ad
e
52
22
E-
Z
Re
fu
ge
Cr
y1
A
b
Cr
y1
F
Vi
p3
A
m
Cr
y3
A
eC
ry
3.
1A
b
Bt
11
TC
15
07
M
IR
16
2
M
IR
60
4
53
07
BC
W
CE
W
EC
B
FA
W
W
BC
SB
CR
W
G
T
5%
in
th
e
ba
g
H
er
cu
le
x
tr
ai
tf
am
ily
H
er
cu
le
x
I(
H
X1
)
Cr
y1
F
TC
15
07
BC
W
EC
B
FA
W
W
BC
C
EW
SB
—
LL
RR
2
(m
os
t)
20
%
w
ith
in
ha
lf
m
ile
H
er
cu
le
x
RW
(H
XR
W
)
Cr
y3
4/
35
A
b1
D
A
S-
59
12
2-
7
—
CR
W
LL
RR
2
(m
os
t)
20
%
in
fie
ld
/a
dj
ac
en
t
H
er
cu
le
x
XT
RA
(H
XX
)
Cr
y1
F
Cr
y3
4/
35
A
b1
TC
15
07
D
A
S-
59
12
2-
7
BC
W
EC
B
FA
W
W
BC
C
EW
SB
CR
W
LL
RR
2
(m
os
t)
20
%
in
fie
ld
/a
dj
ac
en
t
O
pt
im
um
tr
ai
tf
am
ily
O
pt
im
um
A
cr
eM
ax
(A
M
-R
)
Cr
y1
F
Cr
y1
A
b
TC
15
07
M
O
N
81
0
BC
W
EC
B
FA
W
W
BC
C
EW
SB
—
RR
2
5%
in
th
e
ba
g
O
pt
im
um
A
cr
eM
ax
1
(A
M
1)
Cr
y1
F
Cr
y3
4/
35
A
b1
TC
15
07
D
A
S-
59
12
2-
7
BC
W
EC
B
FA
W
W
BC
C
EW
CR
W
LL
RR
2
10
%
in
th
e
ba
g
(C
RW
)&
20
%
w
ith
in
ha
lf
m
ile
(E
CB
)
O
pt
im
um
A
cr
eM
ax
RW
(A
M
RW
-R
)
Cr
y3
4/
35
A
b1
D
A
S-
59
12
2-
7
—
CR
W
RR
2
10
%
in
th
e
ba
g
O
pt
im
um
A
cr
eM
ax
Xt
ra
(A
M
X-
R)
Cr
y
1F
Cr
y1
A
b
Cr
y3
4/
35
A
b1
TC
15
07
M
O
N
81
0
D
A
S-
59
12
2-
7
BC
W
EC
B
FA
W
W
BC
C
EW
SB
CR
W
RR
2
10
%
in
th
e
ba
g
O
pt
im
um
A
cr
eM
ax
XT
re
m
e
(A
M
XT
-R
)
Cr
y1
F
Cr
y1
A
b
m
Cr
y3
A
Cr
y3
4/
35
A
b1
TC
15
07
M
O
N
81
0
M
IR
60
4
D
A
S-
59
12
2-
7
BC
W
EC
B
FA
W
W
BC
C
EW
SB
CR
W
RR
2
5%
in
th
e
ba
g
O
pt
im
um
In
tr
as
ec
t
Cr
y1
F
Cr
y1
A
b
TC
15
07
M
O
N
81
0
BC
W
EC
B
FA
W
W
BC
C
EW
SB
—
LL
RR
2
5%
w
ith
in
ha
lf
m
ile
O
pt
im
um
In
tr
as
ec
tX
tr
a
Cr
y1
F
Cr
y1
A
b
Cr
y3
4/
35
A
b1
TC
15
07
M
O
N
81
0
D
A
S-
59
12
2-
7
BC
W
EC
B
FA
W
W
BC
C
EW
SB
CR
W
LL
RR
2
20
%
in
fie
ld
/a
dj
ac
en
t
O
pt
im
um
In
tr
as
ec
tX
Tr
em
e
Cr
y1
F
Cr
y1
A
b
m
Cr
y3
A
Cr
y3
4/
35
A
b1
TC
15
07
M
O
N
81
0
M
IR
60
4
D
A
S-
59
12
2-
7
BC
W
EC
B
FA
W
W
BC
C
EW
SB
CR
W
LL
RR
2
5%
in
fie
ld
/a
dj
ac
en
t
O
pt
im
um
TR
Is
ec
t
Cr
y1
F
m
Cr
y3
A
TC
15
07
M
IR
60
4
BC
W
EC
B
FA
W
W
BC
C
EW
SB
CR
W
LL
RR
2
20
%
in
fie
ld
/a
dj
ac
en
t
Yi
el
dg
ar
d/
G
en
ui
ty
tr
ai
tf
am
ily
Yi
el
dG
ar
d
VT
Tr
ip
le
Cr
y1
A
b
Cr
y3
Bb
1
M
O
N
81
0
M
O
N
88
01
7
EC
B
C
EW
FA
W
SB
CR
W
RR
2
20
%
in
fie
ld
/a
dj
ac
en
t
G
en
ui
ty
VT
D
ou
bl
e
PR
O
Cr
y1
A
.1
05

Cr
y2
A
b2
M
O
N
89
03
4
CE
W
EC
B
FA
W
—
RR
2
20
%
w
ith
in
ha
lf
m
ile
G
en
ui
ty
VT
Tr
ip
le
PR
O
Cr
y1
A
.1
05

Cr
y2
A
b2
Cr
y3
Bb
1
M
O
N
89
03
4
M
O
N
88
01
7
CE
W
EC
B
FA
W
CR
W
RR
2
20
%
in
fie
ld
/a
dj
ac
en
t
G
en
ui
ty
Sm
ar
tS
ta
x
Cr
y1
A
.1
05

Cr
y2
A
b2
Cr
y1
F
Cr
y3
Bb
1
Cr
y3
4/
35
A
b1
M
O
N
89
03
4
TC
15
07
M
O
N
88
01
7
D
A
S
59
12
2-
7
BC
W
CE
W
EC
B
FA
W
SB
W
BC
CR
W
LL
RR
2
5%
in
fie
ld
/a
dj
ac
en
t
G
en
ui
ty
VT
D
ou
bl
e
PR
O
RI
B
Co
m
pl
et
e
(G
EN
VT
2P
)
Cr
y1
A
.1
05

Cr
y2
A
b2
M
O
N
89
03
4
CE
W
EC
B
FA
W
—
RR
2
5%
in
th
e
ba
g
G
en
ui
ty
VT
Tr
ip
le
PR
O
RI
B
Co
m
pl
et
e
(G
EN
VT
3P
)
Cr
y1
A
.1
05

Cr
y2
A
b2
Cr
y3
Bb
1
M
O
N
89
03
4
M
O
N
88
01
7
CE
W
EC
B
FA
W
CR
W
RR
2
10
%
in
th
e
ba
g
G
en
ui
ty
Sm
ar
tS
ta
x
RI
B
Co
m
pl
et
e
Cr
y1
A
.1
05

Cr
y2
A
b2
Cr
y1
F
Cr
y3
Bb
1
Cr
y3
4/
35
A
b1
M
O
N
89
03
4
TC
15
07
M
O
N
88
01
7
D
A
S
59
12
2-
7
BC
W
CE
W
EC
B
FA
W
SB
W
BC
CR
W
LL
RR
2
5%
in
th
e
ba
g
Re
fu
ge
A
dv
an
ce
d
tr
ai
tf
am
ily
Re
fu
ge
A
dv
an
ce
d
Po
w
er
ed
by
Sm
ar
tS
ta
x
Cr
y1
A
.1
05
Cr
y2
A
b2
Cr
y1
F
Cr
y3
Bb
1
Cr
y3
4/
35
A
b1
M
O
N
89
03
4
TC
15
07
M
O
N
88
01
7
D
A
S-
59
12
2-
7
BC
W
CE
W
EC
B
FA
W
SB
W
BC
CR
W
LL
RR
2
5%
in
th
e
ba
g
In
se
ct
s
co
nt
ro
lle
d
(b
ol
d
ty
pe
)
or
su
pp
re
ss
ed
(it
al
ic
):
BC
W
,
bl
ac
k
cu
tw
or
m
;
CE
W
,
co
rn
ea
rw
or
m
;
CR
W
,
co
rn
ro
ot
w
or
m
;
EC
B,
Eu
ro
pe
an
co
rn
bo
re
r;
FA
W
,
fa
ll
ar
m
yw
or
m
;
SB
,
st
al
k
bo
re
r;
W
BC
,
w
es
te
rn
be
an
cu
tw
or
m
.
H
er
bi
ci
de
to
le
ra
nc
e
tr
ai
ts
:G
T,
gl
yp
ho
sa
te
to
le
ra
nt
;L
L,
Li
be
rt
y
Li
nk
gl
uf
os
in
at
e
to
le
ra
nt
;R
R2
,R
ou
nd
up
Re
ad
y
2
gl
yp
ho
sa
te
to
le
ra
nt
.
2 JOURNAL OF INTEGRATED PEST MANAGEMENT VOL. 4, NO. 3
The IRM situation is unfolding differently for Bt corn and western
corn rootworm,Diabrotica virgifera virgifera LeConte (Fig. 1). In this
article, we examine the scientific evidence for D. v. virgifera resis-
tance to Bt rootworm traits and cropping system practices that con-
tributed to the first reports of field-evolved resistance to a Bt toxin by
D. v. virgifera. We discuss factors that contributed to the development
of resistance, and emphasize the necessity of an integrated pest man-
agement (IPM) approach to address the issue.
Western Corn Rootworm Resistance to Bt Corn in Artificial
Selection Studies. In laboratory and greenhouse selection experi-
ments, D. v. virgifera has evolved resistance to all commercially
available Bt rootworm proteins. Increased survival of D. v. virgifera
on transgenic corn producing the Cry3Bb1 protein was found after
three generations of on-plant greenhouse selection, and results re-
vealed that resistance to Cry3Bb1 is not inherited recessively (Meihls
et al. 2008). Similar studies with other populations confirmed that D.
v. virgifera resistance to Bt corn can develop quickly when any D. v.
virgifera population is continuously exposed to selection pressure
imposed by the Cry3Bb1 trait (Oswald et al. 2011, Meihls et al. 2012).
For Cry34/35Ab1, evolution of resistance by D. v. virgifera reared on
Bt corn seedlings was observed within five generations, although
resistance was not complete or significantly greater after 11 genera-
tions of selection (Lefko et al. 2008). Similar values of realized
heritability for D. v. virgifera resistance to Cry3Bb1 and Cry34/35Ab1
suggest that western corn rootworm can readily evolve resistance to Bt
corn (Lefko et al. 2008, Tabashnik and Gould 2012). A laboratory
colony of D. v. virgifera had a resistance level, similar to those
described earlier, to the mCry3A trait within 10 generations of selec-
tion (Meihls et al. 2011). Finally, a laboratory colony of D. v. virgifera
was selected for resistance to noncommercial transgenic corn express-
ing the eCry3.1Ab protein (Frank et al. 2013).
While artificial selection experiments represent the “worst case”
scenario of continual exposure to a Bt rootworm trait, with no supply
of unselected (refuge) insects into the population, results from these
studies underscore the importance of adhering to IRM refuge plans
on-farm to maintain Bt corn efficacy.
Field-Evolved Resistance by Western Corn Rootworm to Bt Corn
in Commercial Fields. To date, field-evolved resistance to Bt toxin
Cry3Bb1 has been confirmed in the refereed literature for 11 popu-
lations of D. v. virgifera in Iowa. In each of these cases, adults
collected from one field constitute a population, and fields from which
these populations were collected had been planted to the same single
Bt rootworm trait for at least three consecutive years, and as many as
seven consecutive years.
In 2011, Iowa State University entomologists found reduced
Cry3Bb1 susceptibility of progeny from adult D. v. virgifera collected
from four fields planted to Cry3Bb1 rootworm hybrids for several
consecutive years (Gassmann et al. 2011). In this study, Cry3Bb1 corn
had an average of 1.8 nodes of roots pruned (0–3 scale; Oleson et al.
2005). Based on data from U.S. cornfields, it is estimated that one
node of root injury causes an average yield loss of 15% (Dun et al.
2010, Tinsley et al. 2012). D. v. virgifera adults also were collected
from five control fields not associated with unexpected corn rootworm
injury to Bt corn. The control fields had been planted to a greater
diversity of crops and a wider array of practices were used to manage
corn rootworm. Field-collected adults were held in the laboratory to
obtain eggs, and offspring were used in on-plant bioassays to assess
survival of D. v. virgifera larvae feeding on Cry3Bb1 corn and a near
isogenic hybrid lacking a Bt trait. Bioassays also were conducted by
using Bt Cry34/35Ab1 corn and its isoline. Results confirmed resis-
tance to the Cry3Bb1 trait for all four D. v. virgifera populations from
fields with injury to Cry3Bb1 corn. Increased survival was not ob-
served on Cry34/35Ab1, suggesting lack of cross-resistance between
these two Bt toxins.
A second study published in 2012 by the same research group
reported similar results for seven additional populations of D. v.
virgifera collected in 2010 (Gassmann et al. 2012a). Laboratory bio-
assays revealed that these 2010 populations had survival on Cry3Bb1
corn that was 11 times greater than that of control populations, which
were brought in to the laboratory before the commercialization of Bt
corn for corn rootworm control.
In a related study (Gassmann 2012b), follow-up field experiments
were conducted in two of the Iowa fields identified in the 2011
publication as harboring Cry3Bb1-resistant western corn rootworm.
Root injury and survival of D. v. virgifera to adulthood were measured
across eight treatments. Treatments at each site included: 1) non-Bt
corn, 2) non-Bt corn with a soil insecticide (active ingredients tebupir-
imphos and cyfluthrin; Aztec, AMVAC Chemical Corporation, Los
Angeles, CA), 3) non-Bt corn with soil insecticide (active ingredient
tefluthrin; Force, Syngenta, Wilmington, DE), 4) Bt Cry3Bb1 corn, 5)
Bt Cry3Bb1 corn with a soil insecticide (Aztec), 6) Bt Cry3Bb1 corn
with a soil insecticide (Force), 7) Bt Cry34/35Ab1 corn, and 8) a
pyramided Bt corn hybrid expressing both Cry3Bb1 and Cry34/
35Ab1. Results from the two sites previously confirmed as harboring
Cry3Bb1-resistant D. v. virgifera found that root injury to Bt Cry3Bb1
corn was higher than injury to other types of Bt corn or to corn roots
protected with a soil insecticide, and that survival of D. v. virgifera did
not differ between Cry3Bb1 and non-Bt corn.
Factors That Led to Field-Evolved Resistance of Western Corn
Rootworm to Bt Corn. Despite the requirement that growers plant a
refuge to delay or prevent resistance development, field-evolved re-
sistance by D. v. virgifera to Cry3Bb1 corn occurred in a short period.
Why? Insufficient planting of refuges and nonrecessive inheritance of
resistance may have contributed to resistance (Gassmann et al. 2011).
In addition, none of the Bt hybrids registered for corn rootworm are
high-dose events, ensuring some corn rootworm survivors in every
field (EPA 2002; Vaughn et al. 2005; Storer et al. 2006; Hibbard et al.
2010a,b; Clark et al. 2012), although eCry3.1Ab has a higher dose
than the others (Hibbard et al. 2011). When heterozygotes (individuals
with a mixture of alleles for resistance and susceptibility) can survive
on a Bt crop, the frequency of Bt resistance alleles within a population
can increase rapidly. Furthermore, fitness costs of D. v. virgifera
resistance to Bt Cry3Bb1 may be low (Meihls et al. 2008, Gassmann
et al. 2011, Meihls et al. 2012, Petzold–Maxwell et al. 2012). There is
also evidence of nonrandom mating for D. v. virgifera within fields,
which can diminish mating between susceptible insects from the
refuge and resistant insects from Bt corn, and initial resistance allele
frequencies may be much higher than initially assumed (Kang and
Krupke 2009, Onstad and Meinke 2010).
The 20% structured refuge (separate fields, blocks, or strips) was
developed based on the biology, mating behavior, and dispersal pat-
terns of European corn borer coupled with a high dose of Bt proteins
Fig. 1. Adult western corn rootworm, Diabrotica virgifera virgifera
LeConte. (Photo: R. Schmidt).
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for European corn borer. For the initial years following commercial-
ization of Bt rootworm traits, the 20% structured refuge and accom-
panying IRM assumptions applied to European corn borer also were
used for corn rootworms. However, one approach to IRM is not
necessarily optimal for all insect pests. Even though there is increased
use of refuge-in-the-bag seed mixtures and pyramided hybrids with
multiple Bt toxins targeting corn rootworms, these products were
accompanied by a reduction in refuge size, and it remains unclear
whether these recent developments will keep resistant corn rootworm
populations in check.
Clarifying the Potential Extent of the Problem. In March 2012, 22
corn entomologists from land-grant universities and the USDA sent a
letter to the U.S. EPA expressing concern over the development of
field-evolved resistance to the Cry3Bb1 protein by D. v. virgifera and
providing IPM recommendations to sustain the effective use of Bt
corn in the United States (Porter et al. 2012). In particular, these public
sector scientists warned that the durability of the Cry34/35Ab1 pro-
tein, used in conjunction with the Cry3Bb1, mCry3A, and/or
eCry3.1Ab proteins in pyramided Bt corn hybrids, could be compro-
mised in areas where a Cry3Bb1-resistant population of D. v. virgifera
is present, especially if cross-resistance to mCry3A and/or eCry3.1Ab
exists. This concern is heightened because the refuge size has been
reduced from 20 to 5% for these pyramided products. Therefore, in an
area where a Cry3Bb1-resistant D. v. virgifera population has been
confirmed, Cry3Bb1  Cry34/35Ab1 pyramided corn hybrids would
effectively function as a single rootworm trait (Cry34/35Ab1) at a 5%
refuge, rather than the 20% refuge required for single Bt trait corn.
Additional concerns mentioned in the letter include the “insurance-
based approach” to insect management—a standard practice across the
U.S. Corn Belt in which insecticides are applied at planting to Bt corn
targeting rootworms (Gray 2010). Authors of the letter state that
pyramided Cry3Bb1  Cry34/35Ab1 corn should not need insecti-
cidal protection for rootworms, given that the Cry34/35Ab1 toxin is
still effective. Although soil insecticides temporarily protect roots
from corn rootworm feeding, soil insecticides are not rootworm pop-
ulation management tools and the practice of applying soil insecticide
over a Bt corn rootworm hybrid at planting does not lessen the
selection pressure imposed by the Bt trait on the rootworm population
(Gray et al. 1992). Nonetheless, nearly 47% of Illinois growers who
participated in the 2013 regional Corn and Soybean Classics extension
meetings held across five locations in Illinois indicated that they
intend to use both a soil-applied (at-planting) insecticide and a Bt
hybrid for management of corn rootworm (Gray 2013). Reasons for
this escalating use of soil insecticide included concerns over second-
ary insect infestations and higher-than-expected corn rootworm feed-
ing damage to Bt corn (Figs. 2–4). Nearly 27% of the producers who
took part in these regional extension meetings indicated that they
perceive soil insecticide as cheap insurance (Gray 2013). Continued
high commodity prices will likely reinforce these insurance-based
decisions (Berry 2013).
Authors of the letter acknowledge challenges faced by U.S. corn
growers. For example, Bt rootworm traits are incorporated into elite
germplasm that has the highest yield potential, and growers report
increasing difficulty obtaining nontransgenic corn seed with equally
high yield potential. This can result in Bt rootworm hybrids planted
prophylactically in areas where rootworm abundance is low or where
a crop-rotation sequence results in little or no rootworm pressure
(Gray 2010). Moreover, widespread adoption of Bt technology has left
many growers without the equipment necessary to apply soil insecti-
cides to non-Bt corn at planting. The authors state that many growers
have used a single-tactic approach for too many years and now
unfortunate consequences are beginning to emerge.
What Can Be Done to Stop the Spread of Western Corn
Rootworm Resistance to Bt Corn? The letter from land-grant univer-
sity and USDA entomologists to EPA provides specific IPM recom-
Fig. 2. Severely lodged rootworm Bt (Cry3Bb1) corn plants in La
Salle County, IL, 13 September 2011. (Photo: M. Gray).
Fig. 3. Checking rootworm Bt corn plants in La Salle County, IL, for
expression of the Cry3Bb1 protein (AgraStrip GMO TraitChek, Romer
Labs Technology, Inc., Newark, DE), 13 September 2011. (Photo: M.
Gray).
Fig. 4. Severe root pruning to Bt plants (expressing the Cry3Bb1
protein) removed from a corn grower’s field in Cass County, IL, 7
June 2012. (Photo: M. Gray).
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mendations to help corn growers delay further resistance and conserve
D. v. virgifera susceptibility to Bt corn technology:
• Rotate to soybean or another nonhost crop to break the corn
rootworm life cycle.
• Eliminate point sources of resistant populations by crop rotation.
This may slow development of resistance in, and movement of
resistance to, the Eastern Corn Belt, where fewer reports of prob-
lem fields have been received compared with the Central Corn Belt
(DiFonzo et al. 2013).
• Consider the use of a corn rootworm soil insecticide at-planting
with a non-Bt hybrid.
• Consider the use of a Bt hybrid with a different corn rootworm Cry
protein than one that may have performed poorly in the past on a
particular farm.
• Consider the use of a pyramided Bt hybrid with multiple Cry
proteins targeted against corn rootworms.
• Adult suppression may be an appropriate remediation step for one
or two growing seasons in fields with confirmed resistance, if crop
rotation is not an option or a suitable Bt pyramid is not available.
In such cases, soil insecticide applied to non-Bt corn will offer root
protection, while adulticides will reduce the number of resistant
adults that survive in the field. This should be followed by a
long-term IPM approach using a mix of tactics.
• Most importantly, implement a long-term integrated approach to
corn rootworm management, based on scouting information and
knowledge of corn rootworm densities, that uses multiple tactics
such as rotation to a nonhost crop, rotation of Bt toxins, and use
of soil insecticides at planting with a non-Bt hybrid.
Other scientists with expertise in Bt crops and IRM published their
science-based recommendations to the EPA regarding refuge require-
ments for Bt hybrids that offer corn rootworm protection (Tabashnik
and Gould 2012). The authors conclude that current refuge require-
ments are not adequate, because Bt rootworm hybrids do not meet the
high-dose standard, and D. v. virgifera has rapidly evolved resistance
to Cry3Bb1 corn in the laboratory, greenhouse, and field. They rec-
ommend increasing the minimum refuge for Bt rootworm corn to 50%
for plants producing a single Bt rootworm protein (whether the toxin
is Cry3Bb1, Cry34/35Ab1, or mCry3A) and to 20% for pyramided
plants producing two Bt rootworm proteins. These recommendations
were offered with the goals of helping delay further corn rootworm
resistance, encourage IPM, and promote more sustainable crop pro-
tection. The authors acknowledge that enlarging refuges would require
more seed without corn rootworm traits (a condition currently limited
by availability of corn seed that does not produce a Bt rootworm
toxin), and emphasize that these are hypothetical scenarios that, in
principle, growers can make less likely by using IPM.
On-farm rootworm management decisions may alter the future
course of western corn rootworm resistance evolution. It is critical for
seed companies, regulatory agencies, and university/government sci-
entists to work together to provide practical science-based information
and recommendations in a timely manner to corn growers, crop
consultants, and the agricultural industry. Resistance monitoring is
essential to detect resistance evolution in the field, and IPM is essen-
tial to ensure effective long-term corn rootworm management and
sustainable use of Bt corn (Devos et al. 2013).
Acknowledgments
This manuscript is an output developed over a series of three interim
meetings of the multi-state coordinating committee NCCC046: Devel-
opment, Optimization, and Delivery of Management Strategies for
Corn Rootworms and Other Below-ground Insect Pests of Maize. We
gratefully acknowledge funding from the North Central Regional
Association of State Agricultural and Experiment Station Directors in
support of the 2012–2013 NCCC046 interim meetings to address the
Bt corn IRM issue.
References Cited
Andow, D. A. 2001. Resisting resistance to Bt corn, pp. 99–124. In D. K.
Letourneau and B. E. Burrows (eds.), Genetically Engineered Organisms:
Assessing Environmental and Human Health Effects. CRC, Boca Raton, FL.
Berry, I. 2013. Pesticides make a comeback. The Wall Street Journal, May: 21:
2013.
Clark, T. L., D. L. Frank, B. W. French, L. J. Meinke, D. Moellenbeck, T. T.
Vaughn, and B. E. Hibbard. 2012. Mortality impact of MON863 transgenic
maize roots on western corn rootworm larvae in the field. Journal of Applied
Entomology 136: 721–729.
Devos, Y., L. N. Meihls, J. Kiss, and B. E. Hibbard. 2013. Resistance evolution
to the first generation of genetically modified Diabrotica-active Bt-maize
events by western corn rootworm: management and monitoring consider-
ations. Transgenic Research 22: 269–299.
DiFonzo, C., T. Baute, R. Hammond, C. Krupke, A. Michel, A. Schaafsma, E.
Shields, J. Smith, and J. Tooker. 2013. Consensus recommendation: man-
aging western corn rootworm resistance to Bt on the Fringe. (http://www.
msuent.com/assets/pdf/FringeConsensusMarch2013.pdf).
Dun, Z., P. D. Mitchell, and M. Agosti. 2010. Estimating Diabrotica virgifera
virgifera damage functions with field trial data: applying an unbalanced
nested error component model. Journal of Applied Entomology 134: 409–
419.
(EPA) Environmental Protection Agency. 2002. Corn rootworm plant-incor-
porated protectant non-target insect and insect resistance management issues
part B: insect resistance management issues. (http://www.epa.gov/scipoly/
sap/meetings/2002/august/august2002final.pdf).
(EPA) Environmental Protection Agency. 2012. EPAs regulation of biotech-
nology for use in pest management. (http://www.epa.gov/oppbppd1/
biopesticides/reg_of_biotech/eparegofbiotech.htm).
Frank, D. L., A. Zukoff, J. Barry, M. L. Higdon, and B. E. Hibbard. 2013.
Development of resistance to eCry3.1Ab-expressing transgenic maize in a
laboratory-selected population of western corn rootworm (Coleoptera:
Chrysomelidae). Journal of Economic Entomology (in press).
Gassmann, A. J., J. L. Petzold–Maxwell, R. S. Keweshan, and M. W. Dunbar.
2011. Field-evolved resistance to Bt maize by western corn rootworm. PLoS
ONE 6: e22629.
Gassmann, A. J., J. L. Petzold–Maxwell, R. S. Keweshan, and M. W. Dunbar.
2012a. Western corn rootworm and Bt maize: challenges of pest resistance
in the field. GM Crops & Food Biotechnology in Agriculture and the Food
Chain 3: 1–10.
Gassmann, A. J. 2012b. Field-evolved resistance to Bt maize by western corn
rootworm: predictions from the laboratory and effects in the field. Journal
of Invertebrate Patholology 110: 287–293.
Gould, F. 1998. Sustainability of transgenic insecticidal cultivars: integrating
pest genetics and ecology. Annual Review of Entomology 43: 701–726.
Gray, M. E. 2010. Relevance of traditional integrated pest management (IPM)
strategies for commercial corn producers in a transgenic agroecosystem: a
bygone era? Journal of Agriculture and Food Chemistry 59: 5852–5858.
Gray, M. E. 2013. Soil insecticide use on Bt corn expected to increase this
spring across much of Illinois. Pest management and crop development
bulletin, March 28, 2013, University of Illinois, Champaign-Urbana, IL.
Gray, M. E., A. S. Felsot, K. L. Steffey, and E. Levine. 1992. Planting time
application of soil insecticides and western corn rootworm (Coleoptera:
Chrysomelidae) emergence: implications for long-term management pro-
grams. Journal of Economic Entomology 85: 544–553.
Hibbard, B. E., T. L. Clark, M. R. Ellersieck, L. N. Meihls, A. A. El Khishen,
V. Kaster, H. York–Steiner, and R. Kurtz. 2010a. Mortality impact of
MIR604 transgenic maize roots on western corn rootworm larvae in the field
and consequences of surviving MIR604 for the next generation. Journal of
Economic Entomology 103: 2187–2196.
Hibbard, B. E., L. N. Meihls, M. R. Ellersieck, and D. W. Onstad. 2010b.
Density-dependent and density-independent mortality of the western corn
rootworm: impact on dose calculations of rootworm-resistant Bt corn.
Journal of Economic Entomology 103: 77–84.
Hibbard, B. E., D. L. Frank, R. Kurtz, E. Boudreau, M. R. Ellersieck, and J. F.
Odhiambo. 2011. Mortality impact of Bt transgenic maize roots expressing
eCry3.1Ab, mCry3A, and eCry3.1Ab plus mCry3A on western corn root-
worm in the field. Journal of Economic Entomology 104: 1584–1591.
Huang, F., D. A. Andow, and L. L. Buschman. 2011. Success of the high
dose/refuge resistance management strategy after fifteen years of Bt crop
use in North America. Entomologia Experimentalis et Applicata 140: 1–16.
Hutchison, W. D., E. C. Burkness, P. D. Mitchell, R. D. Moon, T. W. Leslie,
S. J. Fleischer, M. Abrahamson, K. L. Hamilton, K. L. Steffey, M. E. Gray,
et al. 2010. Areawide suppression of European corn borer with Bt maize
reaps savings to non-Bt maize growers. Science 330: 222–225.
Kang, J., and C. H. Krupke. 2009. Influence of weight of male and female
SEPTEMBER 2013 CULLEN ET AL.: WESTERN CORN ROOTWORM RESISTANCE TO BT CORN 5
western corn rootworm (Coleoptera: Chrysomelidae) on mating behaviors.
Annals of the Entomology Society of America 102: 326–332.
Lefko, S. A., T. M. Nowatzki, S. D. Thompson, R. R. Binning, M. A. Pascual,
M. L. Peters, E. J. Simbro, and B. H. Stanley. 2008. Characterizing labo-
ratory colonies of western corn rootworm (Coleoptera: Chrysomelidae)
selected for survival on maize containing event DAS-59122-7. Journal of
Applied Entomology 132: 189–204.
Meihls, L. N., M. L. Higdon, B. D. Siegfried, N. J. Miller, T. W. Sappington,
M. R. Ellersieck, T. A. Spencer, and B. E. Hibbard. 2008. Increased survival
of western corn rootworm on transgenic corn within three generations of
on-plant greenhouse selection. Proceedings of the National Academy of
Science 105: 19177–19182.
Meihls, L. N., M. L. Higdon, M. Ellersieck, and B. E. Hibbard. 2011. Selection
for resistance to mCry3A-expressing transgenic corn in western corn root-
worm. Journal of Economic Entomology 104: 1045–1054.
Meihls, L. N., M. L. Higdon, M. R. Ellersieck, and B. E. Hibbard. 2012.
Greenhouse-selected resistance to Cry3Bb1-producing corn in three western
corn rootworm populations. PloS ONE 7: e51055.
Monsanto. 2009. Monsanto biotechnology trait acreage: fiscal years 1996 to
2009. (http://www.monsanto.com/investors/documents/2009/q4_biotech_
acres.pdf).
Oleson, J. D., Y.-L. Park, T. M. Nowatzki, and J. J. Tollefson. 2005. Node-
injury scale to evaluate root injury by corn rootworms (Coleoptera:
Chrysomelidae). Journal of Economic Entomology 98: 1–8.
Onstad, D. W., and L. J. Meinke. 2010. Modeling evolution of Diabrotica
virgifera virgifera (Coleoptera: Chrysomelidae) to transgenic corn with two
insecticidal traits. Journal of Economic Entomology 103: 849–860.
Oswald, K. J., B. W. French, C. Nielson, and M. Bagley. 2011. Selection for
Cry3Bb1 resistance in a genetically diverse population of nondiapausing
western corn rootworm (Coleoptera: Chrysomelidae). Journal of Economic
Entomology 104: 1038–1044.
Petzold–Maxwell, J. L., X. Cibils–Stewart, B. W. French, and A. J. Gassmann.
2012. Adaptation by western corn rootworm (Coleoptera: Chrysomelidae) to
Bt Maize: inheritance, fitness costs, and feeding preference. Journal of
Economic Entomology 105: 1407–1418.
Porter, P., E. Cullen, T. Sappington, A. Schaafsma, S. Pueppke, D. Andow, J.
Bradshaw, L. Buschman, Y. Cardoza, C. DiFonzo, et al. 2012. Comment
submitted by Patrick Porter, North Central Coordinating Committee
NCCC46. (http://www.regulations.gov/#!documentDetail;DEPA-HQ-OPP-
2011-0922-0013).
Romeis, J., A. M. Shelton, and G. G. Kennedy. 2008. Integration of insect-
resistant genetically modified crops within IPM Programs. Springer, New
York, NY.
Sanahuja, G., R. Banakar, R. Twyman, T. Capell, and P. Christou. 2011.
Bacillus thuringiensis: a century of research, development and commercial
applications. Plant Biotechnology J. 9: 283–300.
Siegfried, B. D., and R. L. Hellmich. 2012. Understanding successful resis-
tance management. GM Crops & Food Biotechnology in Agriculture and the
Food Chain 3: 184–193.
Storer, N. P., J. M. Babcock, and J. M. Edwards. 2006. Field measures of
western corn rootworm (Coleoptera: Chrysomelidae) mortality caused by
Cry34/35Ab1 proteins expressed in maize event 59122 and implications for
trait durability. Journal of Economic Entomology 99: 1381–1387.
Syngenta. 2013. U.S. Dep. Agric. approves Agrisure Duracade corn rootworm
trait. (http://www.syngenta.com/global/corporate/en/news-center/news-
releases/Pages/130228.aspx).
Tabashnik, B. E. 1994. Evolution of resistance to Bacillus thuringiensis.
Annual Review of Entomology 39: 47–49.
Tabashnik, B. E., and F. Gould. 2012. Delaying corn rootworm resistance to Bt
corn. Journal of Economic Entomology 105: 767–776.
Tabashnik, B. E., J.B.J. Van Rensburg, and Y. Carriere. 2009. Field-evolved
insect resistance to Bt crops: definition, theory, and data. Journal of Eco-
nomic Entomology 102: 2011–2025.
Tinsley, N. A., R. E. Estes, and M. E. Gray. 2012. Validation of a nested error
component model to estimate damage caused by corn rootworm larvae.
Journal of Applied Entomology 137: 161–169.
(USDA ERS) U.S. Department of Agriculture Economic Research Service.
2012a. Adoption of genetically engineered crops in the U.S.: recent trends
in GE adoption. (http://www.ers.usda.gov/data-products/adoption-of-
genetically-engineered-crops-in-the-us/recent-trends-in-ge-adoption.aspx).
(USDA ERS) U.S. Department of Agriculture Economic Research Service.
2012b. Adoption of genetically engineered crops in the U.S.: overview.
(http://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-
crops-in-the-us.aspx).
(USDANASS) U.S. Department of Agriculture National Agricultural Statistics
Service. 2012. Quick Stats. (http://www.nass.usda.gov/Quick_Stats/).
Vaughn, T., T. Cavato, G. Brar, T. Coombe, T. DeGooyer, S. Ford, M. Groth,
A. Howe, S. Johnson, K. Kolacz, et al. 2005. A method of controlling corn
rootworm feeding using a Bacillus thuringiensis protein expressed in trans-
genic maize. Crop Sciences 45: 931–938.
Received 9 May 2013; accepted 10 September 2013.
6 JOURNAL OF INTEGRATED PEST MANAGEMENT VOL. 4, NO. 3
